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IMAGING NEAR-EARTH ELECTRON DENSITIES USING THOMSON SCATTERING 

 

1. MOTIVATION  

1.1 Background 
 

The near-Earth space environment, often called “geospace,” is characterized by several regions ac-
cording to their plasma properties. The taxonomy of geospace regions can be seen in Fig. 1, along with 
some parameters of their physical state. The lowest altitude region, called the ionosphere, is embedded in 
a complex neutral gas (the thermosphere) of highly varying temperature, density, and composition. The 
ionosphere ranges from about 90 km to approximately 1000 km.  Above the ionosphere resides the plas-
masphere, the interface region between the ionosphere and the magnetosphere. The plasmasphere, ap-
proximately the region of closed magnetic field lines, extends to about 2 to 6 Earth radii (1 RE = 6371 
km), depending on the level of geomagnetic activity (the higher the activity, the smaller the plasma-
sphere). The magnetosphere is an elongated region whose interface with the solar wind or bow shock is 
about 13 RE on the sunward side of the Earth, with a “tail” that extends beyond the orbit of the Moon, at 
60 RE. Large scale currents flow among geospace regions, which are coupled by the geomagnetic field 
and by electric fields generated by the flowing solar wind, the rotating ionosphere, and other processes in 
the thermosphere. The size and shape of the magnetosphere to first order are determined by pressure bal-
ance between the solar wind plasma and the geomagnetic field. The magnetosphere is populated with 
charged particles that originate in both the ionosphere and the solar wind. 

 
The coupled geospace system is highly variable and responds rapidly to changes in solar conditions, 

including the solar wind and the solar extreme ultraviolet (EUV) and X-ray irradiances. As a result, 
“space weather” assessment and forecasting, unlike that at ground level, depends directly on knowing and 
forecasting conditions on the Sun. Space weather affects any operational system that uses propagation of 
electromagnetic waves. Electromagnetic systems include communication, navigation, position location, 
satellite operations, and radar. Other areas strongly impacted by space weather are astronaut safety, 
spacecraft charging, spacecraft operations and radiation damage, ground level power transmission, pipe-
line currents, telephone and aviation communications, tracking of space objects including debris, and the 
Global Positioning System (GPS). 

 
The ability to assess and forecast tropospheric weather improved dramatically when new imaging de-

vices were flown onboard satellites at the beginning of the space age.  Geospace data, on the other hand, 
mostly come from ground and space-based in situ or transmission path sensor systems. Because the vol-
ume of geospace is some five to six orders of magnitude larger than the troposphere, the need for a global 
imaging capability is even greater for the understanding of space weather and to predict its impact on 
various operational systems. 
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Fig. 1 − The regions of geospace and previous measurements that provide only partial coverage.  
The names of the missions that obtained the images shown here are given in white. 

 
 
 
The techniques developed so far for geospace imaging have only focused on observing proxies of the 

electron density, such as the helium ion emission from the plasmasphere at 30.4 nm, energetic neutral at-
oms (ENAs) from the ring current region of the inner magnetosphere, or far-ultraviolet imaging of the 
ionosphere and thermosphere. The now-decommissioned NASA Imager for Magnetopause-to-Aurora 
Global Exploration (IMAGE) satellite is one example of a mission that carried such imaging systems to 
study the response of the inner magnetosphere to changing solar wind conditions (Burch 2003, 2005).  
Examples of images from IMAGE and other satellites can be seen in Fig. 1. In order to derive electron 
densities from these images, complex models are required that relate electrons to proxy observables (to 
the extent that the relationship is accurately known). 

 
While significant progress has been made by the IMAGE mission in understanding large scale proc-

esses in selected geospace regions, a major advance in the state-of-the-art would be possible if the total 
plasma density were to be imaged directly on a broader scale. That way, the full coupling of all geospace 
regions could be observed simultaneously during periods of strongly varying solar output. The interaction 

Imaging Selected Geospace Regions 

Ring Current
3 - 6 Re at equator 
Eion = 1-200 keV 

 H+, He+, O+  

Plasmasphere
1.1- 5 Re at equator 

T ~ 5000K 
H+, He+, O+ 

Ionosphere 
100-1000 km 
Te = 1-3000 K 
O+, O2

+, NO+ 

IMAGE ENA

IMAGE EUV

TIMED/GUVI
FUV 

Current technology limits imaging to sub regions of geospace 

Thermosphere
100 – 500 km 

T500 = 800-1500K 
N2, O2,O POLAR

FUV 



Imaging Near-Earth Electron Densities Using Thomson Scattering 3 
 
 

 

with the solar wind and the propagation of plasma along with the establishment of cause and effect rela-
tionships would revolutionize space weather programs. 

 
In fact, the solar community has been carrying out such observational programs for decades through 

the use of imaging devices (coronagraphs) to observe the solar corona. The technique used is “white 
light” imaging of the visible portion of the solar radiative flux as it undergoes Thomson scattering by 
electrons in the corona. The NRL LASCO imager carried onboard the NASA SOHO satellite has been 
obtaining such images since 1996 and is now one of the key data systems used by the Air Force Weather 
Agency (AFWA) and the NOAA Space Environment Laboratory (the military and civilian agencies, re-
spectively, that have prime responsibility for space weather monitoring).The left panel of Fig. 2 shows a 
LASCO image of a coronal mass ejection (CME) leaving the Sun. The central panel shows the interfer-
ence caused by energetic particles on the LASCO detector, 1.5 h after the CME event. The right panel 
demonstrates that interference of the imaging system is still being felt more than two days after the event. 

 
 

 

 
Fig. 2 − Left panel: A CME is observed. Middle panel: 97 minutes later, high 
energy particles interfere with the LASCO detector. Right panel: More than 50 
hours after the CME event on the Sun, interference by energetic particles can 
still be observed. The white circles in the middle of each panel represent the 
size of the solar disc. The concentric monochrome discs show the size of the 
coronagraph occulter.   

 
In principle, the same observational concept could be applied to geospace. This idea was first con-

ceived in 1995 and recently published by Meier (2007a,b). While a terrestrial observing system might be 
similar to the solar coronagraph with an occulting disk to remove the overwhelming earthshine, the prob-
lem is rendered much more difficult by the greatly decreased solar flux at Earth and the lower geospace 
electron densities. Furthermore, the bright zodiacal light produces a formidable background that is super-
imposed on the weak geospace signal. The NRL SECCHI coronagraph on the NASA STEREO mission 
came tantalizingly close to making a “geocoronal” image. Figure 3 shows a composite image of the Earth 
and Moon taken by one of the STEREO satellites. The Sun is to the left. The much dimmer geospace 
emission would not be resolved in this image because the SECCHI instrument was not designed for Earth 
and Moon imaging. These two objects are so bright that the image is saturated (vertical saturation streaks 
occur).  
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Fig. 3 − Composite image of a solar coronagraph and two helio-
spheric imagers on one of the STEREO satellites. In this geometry of 
the early mission, the Earth and the Moon, which is 0.0027AU away 
from the Earth, are in the field-of-view of one of the heliospheric 
imagers. Since the Earth and Moon are not occulted, their brightness 
causes a slightly tilted vertical line artifact in the image. 

 

1.2 Expected Impacts of Geospace Imager Data 
 
It is safe to assert that the scientific community is in agreement about the significant impact a success-

ful geospace electron imaging mission would have. However, since no comparable measurement has ever 
been attempted, a mission of this kind would be a true discovery mission and, as such, its impact is im-
possible to predict or quantify in its entirety. Yet, there is a clear sense that the measurement of the tem-
poral evolution of the electron distribution in the geospace environment will facilitate a true leap forward 
in our understanding of the physical processes involved and, thus, in our ability to develop and verify 
forecasting capabilities that will find wide usage in the military and civilian communities. The availability 
of geospace electron density distribution data will facilitate the development of new generation, physics- 
based assimilation models that have a high potential of significantly improving the currently available 
forecasting capabilities. 
 

In summary, a geospace imaging mission will: 
 

• Determine how electrons in the magnetosphere, plasmasphere, and ionosphere are redistributed in 
response to solar wind forcing.  

• Understand mechanisms of solar wind plasma entry into the magnetosphere by globally imaging 
structures along the magnetopause and magnetospheric boundary layers.  

• Determine how variations of the dusk side plasmasphere and plasmapause are coupled to the 
global dynamics of the magnetosphere. 



Imaging Near-Earth Electron Densities Using Thomson Scattering 5 
 
 

 

• Establish sensitivity of space weather forecasts to initial conditions in the magnetosphere and 
provide global boundary conditions to geospace specification models. 

 
Applications and operational fields that are likely impacted by such a leap in our understanding of 

geospace include the improvement of space situational awareness and anomaly resolution, the forecasting 
of satellite environments, assessment of communication capabilities, and potentially Global Positioning 
System (GPS) accuracies and outages. 

 
In this work, we have carried out a study that demonstrates the feasibility of imaging geospace elec-

trons using the Thomson scattering technique. Section 2 discusses the models we employed to determine 
time sequences of geospace plasma distributions used for this study. Section 3 explains how we use these 
plasma distributions to calculate the signal brightness from the Thomson scattering and several important 
background sources. In Section 4, we examine the suitability of various orbits for imaging the near-Earth 
space environment using Thomson scattering. Scene simulations are shown in Section 5. These simulated 
images include estimated instrument properties, measurement noise, and realistic signal and background 
brightnesses. Section 6 briefly outlines the path to a potential future operational capability using this pro-
posed measurement concept.  

2. MODELING GEOSPACE 

2.1 Overview 
 

The near-Earth space environment (geospace) comprises the solar wind, outer and inner magneto-
sphere, plasmasphere, ionosphere, and thermosphere. The primary driver of geo-effective events that can 
disrupt space-based systems (e.g., communication, navigation) are solar eruptions such as coronal mass 
ejections and solar flares. These disturbances propagate through interplanetary space in the solar wind and 
impinge upon the Earth’s magnetic field thereby affecting the entire near-earth space environment. A ma-
jor thrust today in space physics research is to self-consistently model this environment based on first-
principles physics. The goal is to acquire the capability to predict and assess the impact of major solar 
events on military and civilian space-based systems. 

 
The initial thrust in model development was to treat each component of the near-earth space environ-

ment separately and invoke relatively simple boundary conditions to account for neighboring regions. A 
primary reason for this initial approach, other than limited computational resources, is that different 
physical models are suited to each region. For example, to lowest order, a single-fluid magnetohydrody-
namic (MHD) model is appropriate to model the magnetosphere while a multi-ion, electrostatic model is 
appropriate for the ionosphere. However, with the advent of improved and relatively inexpensive com-
puter systems (e.g., Beowulf clusters), considerable effort is underway to develop a self-consistent model 
of geospace by coupling individual physics based models. 

2.2 Outer Magnetosphere Model: LFM 
 

The Lyon-Fedder-Mobarry (LFM) model is a 3-D, MHD simulation of the response of the Earth’s 
magnetosphere to the solar wind and the interplanetary magnetic field (IMF). The model solves the MHD 
equations for the Earth’s magnetosphere. A summary of the numerical algorithms can be found in (Fedder 
and Lyon 1995; Mobarry et al. 1996; Lyon et al. 2004). LFM solves a potential equation ∇⋅Σ∇Φ= F(J║), 
where J║ is the current parallel to the field line, which is mapped in from the magnetosphere. The conduc-
tance tensor Σ has two parts: a solar EUV conductance and an auroral precipitation-enhanced conduc-
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tance. The solar contribution depends on the observed solar radio flux at 10.7 cm and the zenith angle. In 
the model the seasonal and diurnal variations of the magnetic dipole are taken into account. The solar 
contribution to the Pedersen and Hall conductances come from a fit to incoherent scatter radar data. The 
auroral contribution to the ionospheric conductance involves estimating a precipitating electron energy 
flux, including effects due to field-aligned potential drops, and then using the data fits of Robinson et al. 
(1987), to estimate the conductances. Recently, this semi-empirical model of the ionospheric conductivi-
ties has been replaced with conductivities derived from SAMI3 (see Section 2.3).  

 
The LFM model has been under development for more than a decade and has been subjected to many 

tests of its numerics. It has been used to study magnetospheric questions in model problems (Fedder et al. 
1995a), that is, problems in which an ideal or steady condition of the system is used. Currently, work with 
the simulation model is concentrated on actual events, where the input to the simulation is measured solar 
wind data, and the output is compared to measured data (Fedder et al. 1995b; Fedder et al. 1997; Slinker 
et al. 1998, 1999a). Additionally, excellent agreement between the simulation results, the Advancement 
and Validation of Real-Time Assimilative Mapping of Ionospheric Electrodynamics (AMIE) analysis, 
and Defense Meteorological Satellites Program (DMSP) measurements for substorm conditions (Slinker 
et al. 1999b) have been obtained. 

2.3 Ionosphere Model: SAMI3 
 

SAMI3 is a three-dimensional, physics-based model of the ionosphere. It is based on SAMI2 (Huba et 
al. 2000), a two-dimensional model of the ionosphere. SAMI3 models the plasma and chemical evolution 
of seven ion species (H+, He+, N+, O+, N2

+, NO2
+ and O2

+). To our knowledge SAMI3 is the only iono-
sphere code that models full plasma transport for all ion species, including the molecular ions. The com-
plete ion temperature equation is solved for three ion species (H+, He+, and O+) and the electron tempera-
ture equation is solved. In the current version of SAMI3, the neutral composition and temperature are 
specified using the empirical Naval Research Laboratory Mass Spectrometer - Incoherent Scatter Radar 
(NRLMSISE00) model (Picone et al. 2002) that is based on MSIS86 (Hedin et al. 1991), and the neutral 
wind is specified using the Horizontal Wind Model (HWM) (Hedin 1987). We note that SAMI3 is being 
coupled to a Thermosphere Ionosphere Mesosphere Electrodynamic General Circulation Model 
(TIMEGCM) under a NASA program; it is anticipated that this coupled model will be available in 
CY2010.  

 
SAMI3 uses a flexible dipole model of the Earth’s geomagnetic field; in the low- to mid-latitude 

ionosphere, it mimics the International Geomagnetic Reference Field (IGRF) by fitting a dipole field to 
IGRF at each longitude in the grid while at high latitude it uses a standard dipole model (tilted or un-
tilted). The latitudinal extent of SAMI3 is ±89° and the altitude range is up to ≈8 RE. SAMI3 has been 
self-consistently coupled electrodynamically to - the LFM magnetosphere model and to the Rice Convec-
tion Model (RCM) (Huba et al. 2005). SAMI3 uses a non orthogonal, non-uniform, fixed grid. The grid is 
closed: there are no open field lines in the high latitude ionosphere that require specified boundary condi-
tions. Moreover, the grid is designed to optimize the numerical mesh so that the spatial resolution de-
creases with increasing altitude. The plasma is transported transverse to the geomagnetic field using a 
finite volume method in conjunction with the donor cell method. The code is fully parallelized using the 
Message Passing Interface (MPI) method, which is critical to computational efficiency for large-scale 
simulations. 
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2.4 Simulation Studies 
 

Two simulation studies of geomagnetic storms were performed using the coupled SAMI3/LFM 
codes: the January 14, 1988 and August 24, 2005 storms. The purpose of these runs was to provide realis-
tic data sets for the design of a geocoronagraph imager. The primary output from the modeled results was 
the total electron content as a function of time as viewed from the L1 Earth/Sun Lagrange point and from 
a position 30 RE above the North Pole. These data sets were converted to brightnesses based upon Thom-
son scattering theory and used to determine the constraints on a geocoronagraph to observe the electron 
density in the near-Earth space environment. 

3. SCENE MODELING 
 

A primary task in determining the feasibility of measuring the Thomson scattered light from geospace 
electrons is simulating the scene to be observed. All sources of light that fall within the expected observa-
tion passband must be taken into account. These include the Thomson scattering from geospace electrons 
that we wish to observe in addition to a number of background sources against which our target signal 
will be measured. In Sections 3.1 and 3.2, we describe the theory and model outputs used in computing 
the Thomson scattering brightness from geospace electrons. Section 3.3 summarizes the background 
sources that are expected in the observed scene and how their intensities are computed.   

3.1 Thomson Scattering Theory 
 

The solar radiance (photons cm-2 s-1 sr-1) scattered by geospace electrons seen by an observer at loca-
tion r, viewing in direction n can be written as  

 
(1) 

 
where ε is the volume scattering rate of photons (cm-3 s-1 sr-1) at location r′ in direction n toward r, and τ is 
the extinction optical depth. For Thomson scattering of visible radiation, the optical depth is assumed to be 
zero (except for viewing from the ground, albeit airglow may prevent observing from that location). The 
integration is carried out along the path ds between r′ and r. This formal description of the radiance does not 
incorporate polarization, but does account for anisotropic scattering (see below), which is closely related to 
polarization. See Vourlidas and Howard (2006) and their references for more details. 
 

The volume scattering rate is given as: 
 
 

(2) 
 

 
where Ne is the electron number density (cm-3) and the g-factor is the rate of scattering of solar white-light 
photons (number of scatterings per second per electron) given by the product of the (wavelength-
independent) Thomson scattering cross section, σ (cm2), and the solar flux at Earth, F, integrated over the 
wavelength (λ) band of interest (in units of photon cm-2s-1). The scattering phase function is ϕ(θ) = 3/(16π)(1 
+ cos2θ ) sr-1, where θ is the scattering angle. Note that the solar flux variation with the inverse square of the 
heliospheric distance, Rh, can safely be ignored for geospace, but is important for evaluating the background 
contribution from solar wind electrons. 

( ) ( ) ( ) ( )rdsenrnrI rr ′′= ′−∫ ,ˆ,ˆ, τε

( ) ( ) ( ) ( )
( ) ( )θϕ

λλθσϕε

grN

dRFrNnr

e

he

′=

′=′ ∫ ,,
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Substituting the volume scattering rate from Eq. (2) into Eq. (1) and assuming an optically thin regime 
yields: 
 

 
The intensity may be converted to column emission rate in Rayleighs (R) upon multiplication by 4π/106. 

If the scattering angle θ does not change along the line of sight, the integral on the RHS of Eq. (3) 
becomes ∫Neds, which is the total electron content (TEC) or the column density of electrons (number of 
electrons in a 1 cm2 column along the line-of-sight). 

 
Values for the quantities in Eqs. (1-3) are as follows. The Thomson cross section is σ = 6.66 x 10-25 cm2. 

The integrated solar flux between 490 and 870 nm is F = 1.42 x 1017 photon cm-2 s-1
, based on data from 

the Solar Irradiance Monitor (SIM) instrument on the Solar Radiation and Climate Experiment (SORCE) 
satellite on 25 Jan 2003 (Harder et al. 2005). This wavelength band avoids the geocoronal hydrogen 
Balmer-β line at 486.1 nm and higher order Balmer lines, whose emissions can extend to several tens of 
RE altitude. (Balmer-α at 656.3 nm is a special case, discussed below). Thus, the g-factor is g = σ F = 
9.88 x 10-8 s-1. As the solar radiation in this wavelength band varies little over a solar cycle (< 0.1%), g is 
effectively constant.  

 
Earthshine produces a secondary source of illumination which increases the Thomson scattering signal. 

While we have not explicitly incorporated it in the formalism, its inclusion is straightforward (e.g., Qiu et al. 
(2003)). 

 
Initial estimates of typical signal levels indicate the feasibility of the Thomson scattering measurement 

approach. In the ionosphere, for an observer viewing the entire vertical column of electrons, the typical 
total electron content at solar minimum is 10 TEC units (1 TEC unit = 1012 electron cm-2). For viewing 
vertically outward from 100 km in a direction 90° from the Sun, the column emission rate is about 1.4 R. 
At solar maximum, the value might be 4-5 times larger due to the increased ionization by solar EUV 
radiation. These levels can be detected with current technology. For the plasmasphere, we derive a simple 
scaling of existing helium 30.4 nm images to obtain an estimate of the Thomson scattering signal. Typical 
30.4 nm column emission rates observed from the IMAGE satellite are of order 1-20 R (taken from 
calibrated images supplied by B. Sandel, private communication, 2007). This is crudely scaled to a 
Thomson scattering column emission rate upon multiplication by the ratio of the g-factor, above, to that 
for helium (1.8 x 10-5 s-1 at solar minimum; see Meier (1991; p. 52), after correction for a factor of 2 error 
in a referenced solar 30.4 nm line profile), and the ratio of the electron column content to that of He+ 
(approximately a factor of 10, but see below). Ignoring differences in phase functionality, the scaling of 
30.4 nm to Thomson scattering is about a factor of 5.5 x 10-3. Thus, the plasmaspheric column emission 
rate for Thomson scattering is 0.1 to 2 R, again a measurable quantity with current technology. A caveat 
in this scaling of He+ images is that significant variability can occur in the relative abundance of helium 
ions to the total plasma (Craven et al. 1997; Krall et al. 2008). It is, indeed, this variability that motivates 
direct measurements of the actual electron density, to mitigate reliance on proxies. 

3.2 Thomson Scattering from Near-Earth Electron Density Distributions 
 

Using the output of the SAMI3 and LFM models and the formalism described in Section 3.1, we 
compute the brightness of Thomson scattered sunlight from geospace electrons. At radial distances be-
tween 1.02 RE and 4.5 RE three-dimensional electron densities are specified by SAMI3. For radial dis-
tances greater than 4.5 RE, electron densities are given by LFM. The line-of-sight electron column densi-

( ) ( ) ( ) ( )rdsrNgnrI e ′′= ∫θϕˆ, (3)
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ties (TEC) required in Eq. (3) are computed from these model outputs and are placed on a common grid in 
geocentric solar magnetospheric (GSM) coordinates1. TECs were initially computed from a viewing loca-
tion at the Sun-Earth L1 Lagrange point2 for both quiet solar wind conditions and during a geomagnetic 
storm period on August 24, 2005 (Fig. 4).  

 
  

      
Fig. 4 − Line-of-sight column electron densities (TEC) from a viewing location at the Sun-Earth L1 Lagrange point for quiet 
(left) and storm-time (right) conditions. 

 
For both the quiet-time case on January 1, 2007, and the storm-time scenario on August 24, 2005, the 

solar flux between 490-870 nm was about 1.42×1017 photons cm-2 s-1, giving a g-factor of 9.44×10-8 s-1. 
Multiplication of the TECs shown in Fig. 4 by the g-factor and the phase function for a scattering angle of 
180º yields the Thomson scattering brightness as shown in Fig. 5. These images are shown on a log scale 
between 0.01 and 100 Rayleighs. The Earth is at the center and is blocked by a modeled occulting disk 
with a radius of 1.08 RE.   

 
The Thomson scattering signal for quiet solar wind conditions (Fig. 5, left panel) is between 0.1-0.5 

Rayleighs in most regions of the magnetosphere. Within the modeled plasmasphere (shown here by the 
circular region inside of 5 RE) the Thomson scattering signal increases with decreasing radial distance as 
electron densities grow larger closer to the Earth. Within the quiet-time plasmasphere the Thomson scat-
tering brightness is about 5 Rayleighs and increases to a few tens of Rayleighs in the topside ionosphere 
at the edge of the inner field of view. 
 

                                                 
1 In the GSM coordinate system, the x-axis extends from the Earth to the Sun and the positive z-axis is the projec-
tion of the northern magnetic pole in the plane perpendicular to the x-axis. 
2 The Sun-Earth L1 Lagrange point is the location at which the gravitational forces exerted on an object from the 
Sun and the Earth balance.  It is located about 1.5 × 106 km from Earth. 
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Fig. 5 − Thomson scattering signal from geospace electrons as seen from L1. The left panel corresponds to a quiet-time period 
while the right panel is for a storm-time scenario. 

 
 
For the August 24, 2005, magnetic storm scenario shown in Fig. 5 (right panel), the electron densities 

throughout the magnetosphere are elevated in comparison to the quiet-time case. The Thomson scattering 
brightness has proportionally increased here, with intensities around 1 Rayleigh in the magnetosphere. 
Although the Thomson scattering brightness in the storm-time plasmasphere is comparable to the quiet-
time case, we see that the plasmasphere has reduced in size and is asymmetric, with more electron density 
concentrated on the dusk-side of the Earth. This is consistent with observations during storm periods 
when enhanced convection in the magnetosphere erodes away the plasmasphere (Goldstein et al. 2003). 
Note that for the viewing geometry from L1, most of the signal seen originates in the dawn-dusk plane 
which limits the ability to infer longitudinal structures.   

 
We also evaluated Thomson scattering from electron densities in the near-Earth space environment 

from a viewing location above the North Pole of the Earth, looking down from a satellite in a circular or 
elliptical polar orbit at an altitude of 30 RE. This high altitude is necessary to capture the equatorial cross-
section of the Earth’s magnetosphere in one scene.  

 
For this polar viewing scenario, line-of-sight electron column densities were computed from the LFM 

and SAMI3 models at 7.5 minute time steps during a 15 hour period for the simulation of the August 24, 
2005 storm event. Computation of the Thomson scattering brightness for polar viewing is the same as that 
for the L1 case except that a scattering angle of 90° is used in computing the phase function. This reduces 
the Thomson scattering signal by a factor of two. Despite this reduction in signal, there are several advan-
tages to the polar viewing location over looking from L1, which we will demonstrate in the following. 
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Fig. 6 − Thomson scattering signal from geospace electrons as seen from a polar viewing location at various times during the 
August 24, 2005, geomagnetic storm event. The bottom panel shows the corresponding solar wind data (from top to bottom – 
magnetic field, magnetic field clock angle, velocity, density, and dynamic pressure). The dashed lines in the bottom panels indi-
cate the times that correspond to the Thomson scattering signal images shown above. 
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The simulated Thomson scattering signals as viewed from a polar perspective reveal important mag-
netospheric features in the scene that are not present when looking at geospace from L1. These include 
the bow shock, magnetosheath, and magnetopause. The Earth’s bow shock is a shock wave that forms 
when the solar wind flowing at supersonic velocities encounters the magnetosphere and is deflected. In-
Fig. 6, the solar wind flows from right to left and the bow shock is the flared boundary 5-10 RE upstream 
from the Earth. The magnetosheath is the region Earthward of the bow shock but still outside the magne-
tosphere and consists of shocked solar wind particles. In Fig. 6, the magnetosheath is the region of vary-
ing thickness just beyond the bow shock. At the inner boundary of the magnetosheath is the magneto-
pause, which is the outer-most boundary of the magnetosphere, inside which the Earth’s magnetic field 
dominates the dynamics.  

 
The location of the bow shock and magnetopause and the thickness of the magnetosheath vary with 

the solar wind. Leading up to a geomagnetic storm, significant increases in the solar wind velocity, den-
sity, and magnetic field are generally observed, especially during coronal mass ejection events. In re-
sponse the bow shock and magnetopause are pushed Earthward as shown in the middle panels of Fig. 6. 
This contraction is especially important during strong storm events when the magnetopause is pushed in-
side of geosynchronous orbit (R = 6.6 RE), exposing satellites in that orbit to the solar wind. Observation 
of these conditions by an instrument measuring the Thomson scattering signal will be able to warn satel-
lite operators of such conditions in addition to providing invaluable data for spacecraft anomaly resolu-
tion. 

 
The local time and longitudinal variation of plasmaspheric features can be characterized and studied 

by examining the Thomson scattering signal from a polar perspective. For example, the duskside drainage 
plume observed by the IMAGE EUV instrument (Fig. 1) (Goldstein et al. 2003) will be visible from this 
polar vantage point. Plasmaspheric drainage plumes are regions of cold, dense plasma that are transported 
outward from the plasmasphere into the outer magnetosphere by enhanced convection during geomag-
netic storms. By mapping these features down geomagnetic field lines, Foster et al. (2002) have shown 
that these drainage plumes correspond to regions of greatly enhanced TEC in the ionosphere that are as-
sociated with regions that experience the most pronounced disruptions in communications and navigation 
capabilities during storms. Observations of this drainage plume feature will be critical in furthering our 
understanding of the coupling between the plasmasphere and magnetosphere. Although the plasmasphere 
is visible in the Thomson scattering scene as viewed from L1 we only view the dawn and dusk plane of 
this region of geospace from that perspective. Other longitudinal variations would only appear as changes 
in the scene brightness when looking from L1.  

 
Measurement of the Thomson scattering signal from geospace electrons will be an extremely useful 

tool in capturing both the spatial and temporal variation of the magnetosphere, plasmasphere, and iono-
sphere in response to solar wind forcing.  

3.3 Background Sources 
 

When viewing the near-Earth space environment in the visible part of the spectrum, a number of 
background sources contribute to the scene. Sources such as zodiacal light, emissions from terrestrial 
emission lines, and scattered light from the solar wind are significantly more intense than the target 
Thomson scattering signal. In this section, we discuss the primary sources of background light in the 
scene and our calculations to estimate their brightness.  
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3.3.1 Zodiacal Light 
 

The zodiacal light is solar radiation scattered from dust particles in the heliosphere. Its brightness is a 
function of viewing direction, distance from the Sun, wavelength, and the position of the observer relative 
to the ecliptic plane. We estimate the zodiacal light brightness using the results compiled by Leinert et al. 
(1998). Figure 7 shows the zodiacal light brightness distribution in units of Rayleighs per Ångstrom as a 
function of ecliptic latitude and longitude at a wavelength of 500 nm. At low ecliptic latitudes, one is 
looking in or near the ecliptic plane, while at high ecliptic latitudes, one is looking perpendicular to it. At 
0° ecliptic longitude, one is looking at the Sun, 90° ecliptic longitude is perpendicular to the Sun-Earth 
line, and 180° ecliptic longitude is in the anti-Sunward direction. It is assumed that the zodiacal light 
brightness is symmetric about the ecliptic plane and that it is azimuthally symmetric about the origin at 
the Sun.  

  
 

 
Fig. 7 − Zodiacal light brightness as a function of ecliptic latitude and longitude. 
The brightness is given in units of Rayleighs per Angstrom. From Leinert et al. 
(1998). 

 
 

For a viewing location at L1 with a field of view subtending 7°, the lines of sight will remain largely 
in the ecliptic plane looking in the anti-sunward direction toward an ecliptic longitude of 180°. The mod-
eled zodiacal light background brightness for the L1 viewing location is shown in Fig. 8. The viewing 
geometry is the same as that for Fig. 5. The zodiacal light is shown to be slightly enhanced around the 
direct anti-Sunward direction with brightnesses around 2770 Rayleighs. This is the gegenschein phe-
nomenon, in which the brightness of the sunlight reflected by interplanetary dust particles is enhanced 
near the direct anti-Sunward direction due to backscattering.  
 

The zodiacal light dominates the scene as the most significant background source. Its brightness is 
two to three orders of magnitude larger than our target Thomson scattering signal from geospace electrons 
when viewing the near-Earth space environment from L1. In contrast, when looking down at the Earth’s 
magnetosphere, plasmasphere, and ionosphere from a polar perspective, the zodiacal light background is 
reduced significantly. For this polar viewing location, we treat the zodiacal light as a uniform background 
with a brightness of 0.24 Rayleighs per Ångstrom (Fig. 7). Across our band pass of 490 to 870 nm, this 
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brightness amounts to 929 Rayleighs. The zodiacal light background is reduced by about a factor of three 
when viewing geospace from a polar perspective in comparison to viewing the Earth from L1. This is be-
cause the interplanetary dust is largely confined to the ecliptic plane and when looking down through it, 
as from a polar viewing location, the path length is much shorter than when looking along the ecliptic (as 
from L1).   

 
 

 

 
Fig. 8 − Zodiacal light scene brightness for a viewing location at L1 looking 
back at the Earth. The modeled brightness distribution derives from data com-
piled by Leinert et al. (1998). 

 
 
 
To corroborate the zodiacal light brightness estimates of Leinert et al. (1998) that are used in these 

calculations, we examined a number of other published sources. The high-resolution zodiacal light 
brightness distribution published by Kwon et al. (2004) is consistent with that of Leinert et al. (1998) to 
within 12% within the gegenschein region and within 6% when looking up toward the ecliptic pole. We 
also examined the output from the Koutchmy-Lamy model of the solar F-corona (Koutchmy and Lamy 
1985), which is another designation of the zodiacal light used in solar physics. Figure 9 shows the bright-
ness of the F-corona as a function of radial distance from the Sun in units of solar radii from the 
Koutchmy-Lamy model. The zodiacal light brightness in the ecliptic plane (solid line) and looking out 
toward the poles of the ecliptic (dashed line) are shown in the top panel. The bottom panel shows the ratio 
of the equatorial to polar zodiacal light brightness. At 1 AU (215 RSun), the ratio of equatorial to polar zo-
diacal light brightness is about 3.3, which is consistent with the Leinert et al. (1998) value that we used in 
our calculations.   
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Fig. 9 − Koutchmy-Lamy model of the solar F-corona, or zodiacal light, derived from SOHO LASCO 
measurements. The F-corona brightness within the plane of the ecliptic is shown in the top panel by the 
solid trace while the brightness when looking perpendicular to the ecliptic plane at high ecliptic latitudes 
is given by the dashed line. The bottom panel shows the ratio of the equatorial to polar brightness of the 
zodiacal light. 

 
 
 

The Thomson scattering measurement will be dominated by the zodiacal light for both the L1 and po-
lar viewing locations although its contribution to the total scene brightness is reduced by about a factor 
three for the latter case. However, some key properties of the zodiacal light will make it tractable to sub-
tract this background from the observed scene. The zodiacal light is smoothly distributed and symmetric 
with respect to the ecliptic plane and helioecliptic meridian. Moreover, the zodiacal light brightness in the 
visible part of the solar spectrum is largely invariant over the solar cycle. Data analysis of images from 
the STEREO Heliospheric Imager (HI) has successfully demonstrated that subtraction of the bright zodia-
cal light background is possible. Figure 10 shows a pair of HI images before (left panel) and after (right 
panel) subtraction of the zodiacal light background. The zodiacal light dominates the signal observed in 
the right third of the raw image. Following subtraction of the zodiacal light, a substantial amount of struc-
ture in the underlying scene is revealed.   
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Fig. 10 − Images from the STEREO Heliospheric Imager before (left) and after (right) subtraction of the zodiacal 
light. Note that the structure in the right panel is mostly due to stars and not noise. 

 

3.3.2 Instrumental Scattered Light 
 

Another significant contribution to the scene background is the light that diffracts around the occulter 
of the telescope making the Thomson scattering observation. The intensity of the stray light from the oc-
culter will be some small fraction of the full-disk brightness of the Earth. The brightness of the Earth’s 
disk is computed as the mean solar flux (F = 2.14×1017 photons cm-2 s-1 sr-1) multiplied by the Earth’s al-
bedo, ~0.37. The curves shown in Fig. 11 are the fraction of the full terrestrial disk brightness that is scat-
tered around representative internal (solid line) and external (dashed line) occulters as a function of radial 
distance away from the disk of the Earth. These curves are based on the stray light rejection performance 
data from the C2 and C3 coronagraphs of the SOHO LASCO instrument.  
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Fig. 11 − Representative scattered light curves for internal (solid) and external (dashed) occulters. The brightness here is the frac-
tion of the occulted object’s brightness that is scattered around the occulter shown as a function of radial distance away from the 
object – in this case, the occulted Earth.    

 
 
For a viewing location at L1, the scattered light contribution to the scene is modeled for an external 

occulter using the bottom curve in Fig. 11 and shown in units of Rayleighs in Fig. 12. At close radial dis-
tances to the Earth, the scattered light contribution to the scene brightness is about 150 Rayleighs, about 
an order of magnitude less than the zodiacal light but still about a factor of three or four brighter than the 
Thomson scattering signal from electrons near the ionosphere-plasmasphere boundary. At larger radial 
distances, the instrumental scattered light contribution falls off to less than 20 Rayleighs. For the polar 
viewing scenario, the scattered light brightness is taken to be the same as that shown in Fig. 12 for the 
sunlit side of the Earth. Assuming sufficient stray light characterization is performed during an instrumen-
tal calibration, removal of this background source is straightforward. 

 
 
 

 

 
Fig. 12 − Modeled scattered light contribution to the scene as observed from L1 
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3.3.3 Hydrogen Geocorona Line Emissions 
 

Another possible source of background noise in the observed scene is the emission lines in the visible 
part of the spectrum from the hydrogen geocorona. The upper-most portion of the Earth’s neutral atmos-
phere (the exosphere), extending out to tens of thousands of kilometers in altitude, consists mainly of 
atomic hydrogen. These hydrogen atoms mainly scatter solar far-ultraviolet (FUV) photons, but emission 
lines also exist in the visible that fall near or within our expected band pass. These are the Balmer series 
H-α (656.3 nm) and H-β (486.1 nm) lines. We have chosen the short wavelength cutoff of our band pass 
(490 to 870 nm) to exclude the H-β line. On the other hand, H-α falls within our band pass, and it will be 
necessary to filter out this emission line. Emission lines from He+ also exist within this general spectral 
region (i.e., He+ 30.4 nm emission used by the IMAGE EUV experiment to image the plasmasphere), but 
these occur at much shorter wavelengths.   
 

We conclude that the hydrogen emission lines do not prevent the observation of the Thomson scatter-
ing signal in the regions of interest in geospace. Band pass selection and filtering are sufficient to omit the 
hydrogen emission lines from the observed scene.  

3.3.4 Solar Wind Contribution  
 
Because the Thomson scattering signal is very optically thin, there will be contributions to the scene 

from solar wind electrons beyond the boundaries of the magnetosphere. For the purposes of remote sens-
ing magnetospheric, plasmaspheric, and ionospheric electron densities, the Thomson scattering signal 
from electrons outside geospace are considered background. For example, in our Thomson scattering sig-
nal calculations from the L1 viewing location, the modeled electron densities in the magnetotail stop at 
about 300 RE behind the Earth. However, since we are viewing within the ecliptic plane, we expect a non-
trivial contribution from the solar wind electrons that lie beyond 300 RE that fall within the lines of sight.  

 
We estimate the Thomson scattering contribution from these solar wind electrons for an observing lo-

cation at L1 to assess the magnitude of this effect. We assume that at radial distances beyond 300 RE be-
hind the Earth, the electron densities are uniform. We compute the average electron column density 
(TEC) in the last two-dimensional Y-Z slice of the LFM electron density model with thickness dx = 1 RE 
located at XGSM = -300 RE and assume this value for all lines of sight. For distances beyond 300 RE, we 
allow the average electron density and the solar flux to fall off as r-2 for segments that are each 1 RE thick. 
We found that electrons at distances out to ~5 AU contributed as a secondary Thomson scattering source. 
During periods of quiescent solar wind and magnetospheric activity, this secondary Thomson scattering 
source contributes about 10 Rayleighs to the scene brightness. During storm periods, this secondary 
source can contribute up to 50 Rayleighs. Thus, for this geometry, this contribution is small compared to 
the zodiacal light. 

4. ORBITS 
 

This section summarizes the result of a trade study that was performed to determine suitable orbits for 
a mission to image geospace using Thomson scattering. In general, we considered five orbit types:  
 

1. First Sun-Earth Lagrangian point (L1) 
2. Circular equatorial Earth orbit with an altitude between about 30 and 50 RE, which has many 

similarities with the lunar orbit at ~57 RE 
3. Elliptical, precessing Earth orbit at about 30 RE 
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4. Circular, polar Earth orbit with a constant beta angle of ~ 90° at about 30 RE 
5. Inertial, polar Earth orbit at about 30RE 

 
The following discusses several pros and cons for each of those orbits, which are also summarized by 

color codes in Fig. 13. 
  

Local Time Coverage: Complete local time coverage in “single” exposures can be achieved from loca-
tions above the pole, where all longitudes are visible simultaneously. Both orbits 4 and 5 provide this lo-
cation for part of the time. Orbits 2 and 3 lack the ability to see all longitudes in one scene, but they do 
provide measurements of different local times throughout the mission. Orbit 1 always views toward the 
noon location and thus sees the dusk and dawn side on the Earth’s limb without any significant variation 
throughout the mission.   
 
Background Signal: The background signal is dominated by the zodiacal light, which maximizes for lines 
of sight within the ecliptic and low (~0°) and high (~180°) values for ecliptic longitude. The smallest zo-
diacal light contribution is expected for a polar view point. Note, however, that for a polar perspective, 
the scattering angle for the Thomson signal is about 90°, which also decreases the Thomson signal.  
 
 

 
 
Fig. 13 − Orbit tradeoff matrix. Red stands for a clear disadvantage or technical difficulty, green for an advantage or technical 
feasibility, and yellow for an intermediate situation. Two colors are used for cases in which the quality of a criterion varies sig-
nificantly during each orbit or during different times of the year. 

 
 
Observation of Radial Features: The observation of radial features, for example CMEs that can be ap-
proximated crudely as plane wave fronts propagating toward Earth, is best achieved with fields of view 
that are perpendicular to the Earth-Sun line. Thus, orbits 2 through 5 are favored over orbit 1, which al-
ways views parallel to the Earth-Sun line with very limited capability to capture the temporal develop-
ment of the radial features.  
 



20 Englert et al. 
 
 

 

Telescope Size: The main driver for determining telescope size is the desired signal-to-noise ratio and, 
thus, mainly the background signal brightness and the distance to the observer. Since the zodiacal light 
increases for fields of view within the ecliptic plane and high (~180°) and low (~0°) ecliptic longitude 
(see Fig. 7), fields of view perpendicular to the ecliptic plane are favored. Note, however, that a scattering 
angle of ~90° also minimizes the Thomson scattering signal (see Section 3.1). Moreover, the feasibility of 
large area detectors feeds into this trade. We find that current technology is able to support the telescopes 
baselined for a 30 RE orbit. Considering the above, we find that an orbit altitude of ~30 RE is a good com-
promise between signal strength, angular field of view of the instruments, and technical feasibility of de-
tectors. Therefore, we favor this altitude over the lunar orbit (~57 RE) or L1 (235 RE).  
 
Orbit Maintenance: Station-keeping is only required for orbit 4 to maintain the beta angle. An assessment 
of the required amount of propellant to maintain this type of orbit resulted in a major concern about total 
mass, so that we did not further consider this orbit option in this study. The use of solar sails to perform 
station-keeping has been considered but their application for this mission concept has not been examined 
in detail and will require further study. 
 
Static Occulter: A static occulter can be used for all observations that maintain the same distance from 
Earth. Only orbit 3, the elliptical orbit, would require a changing occulter to be able to make measure-
ments throughout the entire orbit. However, a static occulter designed for the apogee distance would pro-
vide optimal measurements for part of the orbit, thus providing a viable option for a demonstration mis-
sion.  
 

In summary we propose a polar, circular, inertial Earth orbit (~30 RE) for this mission. The required 
launch vehicle capability for this type of orbit mandates an EELV such as an Atlas V. We further find that 
an elliptical Earth orbit (apogee ~30 RE) is a suitable lower-cost option for a demonstration mission. 

5. SIMULATED OBSERVATIONS 
 

We present simulated observations of the Thomson scattering signal from electrons in the near-Earth 
space environment. We focus on simulating the Thomson scattering measurements from a polar viewing 
perspective based on our analysis in Section 4. Figure 14 shows a simulated Thomson scattering observa-
tion from a telescope with an occulter blocking out the disk of the Earth to a radius of 1.185 RE (center 
square) and two side-looking, unocculted telescopes (left and right squares). In these simulated images, 
we have assumed an input aperture diameter of 23.5 cm and a pixel plate scale of 270 km. The integration 
time for the frames shown in Figs. 14 and 15 is assumed to be 7.5 minutes, which is the time step of the 
LFM and SAMI model outputs. We add Gaussian distributed shot noise and assume 50% vignetting 
across the inner and outer fields of view. For these simulations, we have omitted contributions from stars 
and emission lines from the hydrogen geocorona. 
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Fig. 14 − Simulated image from a polar viewing location, including Thomson scattering signal, background sources, and shot 
noise. The Sun is to the right and the solar wind flows from right to left. Brightnesses are scaled in units of Rayleighs. The scene 
is dominated by zodiacal light and, close to Earth, the instrumental background that originates from the half-illuminated Earth. 
The Thomson scattering from the geospace electrons is not immediately recognizable using this dynamic range and color scale.  

 
The simulated Thomson scattering observation shown in Fig. 14 demonstrates that these measure-

ments will be background dominated. In this image, the zodiacal light dominates the scene brightness. 
The instrumental scattered light contributes another 20 to 150 Rayleighs to the inner field of view of the 
scene on the sunlit side of the Earth.   

 
Detailed instrument characterization and proper background subtraction will be critical for isolating 

the Thomson scattering signal from geospace electrons. One method of background subtraction that we 
have employed with reasonable success is taking the dimmest frame from a time series of images and 
subtracting that from the rest. Background subtracted images using this technique are shown in Figs. 15(a 
through f). These images have also been smoothed using a running boxcar average corresponding to 0.21 
RE × 0.21 RE in the field of view. The shot noise present in these simulated images is more apparent in 
these background subtracted images. Each frame shown here corresponds to the same set of Thomson 
scattering images shown in Fig. 6. Following background subtraction, the characteristic features of the 
magnetosphere, plasmasphere, and ionosphere are revealed in the images. The bow shock, magne-
tosheath, and magnetopause are evident near the right edge of the center image and the left edge of the 
right image. The structure and evolution of the plasmasphere and upper portions of the ionosphere can be 
discerned from these images.  

 
Figure 15 (a through f) shows simulated observations from a Thomson scattering imager. The zodia-

cal light and instrumental scattered light background contributions have been subtracted by taking the 
dimmest image in the time series and subtracting that frame from the other images. The Sun is to the right 
and the solar wind flows from right to left in these images. Brightnesses are scaled in units of Rayleighs. 
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Fig. 15 (a) − Simulated observations from a Thomson scattering imager at 05:47:00 UT (background subtracted; see text) 

 

 

 
Fig. 15 (b) − Simulated observations from a Thomson scattering imager at 07:47:56 UT (background subtracted; see text) 
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Fig. 15 (c) − Simulated observations from a Thomson scattering imager at 09:39:53 UT (background subtracted; see text) 

 
 

 
Fig. 15 (d) − Simulated observations from a Thomson scattering imager at 10:32:26 UT (background subtracted; see text) 
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Fig. 15 (e) − Simulated observations from a Thomson scattering imager at 10:39:56 UT (background subtracted; see text) 

 
 

 
Fig. 15 (f) − Simulated observations from a Thomson scattering imager at 11:02:34 UT (background subtracted; see text) 

 
We also explored the capabilities of a Thomson scattering imager that focused on the ionosphere and 

plasmasphere with greater spatial resolution. Simulated observations from an Earth-centered imager with an 
occulter of radius 1.05 RE are shown in Fig. 16. We have subtracted the background with the same tech-
nique used in Fig. 15. Shot noise is also included here. Here, we assume an input aperture diameter of 
23.8 cm and a pixel plate scale of 120 km. The inner field of view begins near 320 km in altitude, which 
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allows us to observe the F-region of the ionosphere. The images shown in Fig. 16 demonstrate how struc-
tures in the upper F-region of the ionosphere with scale sizes of a few hundred kilometers can be observed 
with this imaging technique. Such observations will also allow us to provide specifications of the boundary 
between the ionosphere and plasmasphere. 

 
 
 

         
 

         
Fig. 16 − Simulated Thomson scattering observations from a polar viewing location focusing on observing the iono-
sphere and plasmasphere 

 

6. PATH TO OPERATION 
 

Transferring an innovative and not-yet-demonstrated measurement concept to an operational program 
usually requires several steps. The first one is the assessment of the concept feasibility, which we have 
accomplished with this study. The next step is to demonstrate the measurement technique on orbit, which 
elevates the technical readiness level (TRL) of all or a subset of the instruments to the highest level of 9. 
A demonstration mission will also allow the development and test of the required data analysis algorithms 
as well as the detailed assessment of the achievable data quality. Based on the results of the demonstration 
mission and a detailed set of measurement requirements that are derived from the operational needs, an 
operational mission can be designed and eventually realized. 

 
The two national institutions that are most likely to ultimately use the data in their day-to-day opera-

tions are the Air Force Weather Agency (AFWA) and, on the civilian side, the NOAA Space Weather 
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Prediction Center (SWPC). Global images of the electron distributions in the near-Earth space environ-
ment will enable these agencies to achieve a much higher level of situational awareness in space than is 
now possible with existing measurements. Moreover, these Thomson scattering images of geospace will 
allow for the evolution of now nascent space weather models used by AFWA and NOAA SWPC into 
predictive tools for operational use. 
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